Ionic liquids with chlorometallate anions may not have been the first ionic liquids, however, it was their 5 development that lead to the recognition that ionic liquids are a distinct, and useful, class of (functional) materials. While much of the phenomenal interest and attention over the past two decades has focussed on 'air and water stable' ionic liquids, research and application of chlorometallate systems has continued unabated albeit largely out of the main spotlight. The defining characteristic of chlorometallates is the presence of complex anionic equilibria, which depend both on the type and on the concentration of metal 10 present, and leads directly to their characteristic and individual properties. Here, we review the experimental techniques that can be applied to study and characterise the anion speciation in these ionic liquids, and using recent examples, illustrate how their applications base is evolving beyond traditional applications in Lewis acidic catalysis and electrochemistry through to uses as soft and component materials, in the ionothermal synthesis of semiconductors, gas storage systems and key components in the 15 development of biomass processing.
Halometallate ionic liquids are reviewed, with emphasis on speciation studies and modern applications in catalysis and material science.
Chlorometallates, the first designer ionic liquids?
The ability to obtain organic salts that have relatively low melting points and that are useful in their liquid state has been known for 20 over one hundred years. As can be found in the introductory sections of most PhD theses relating to ionic liquids; ethylammonium nitrate reported by Walden 1 in 1914 and ethanolammonium nitrate described by Gabriel 2 in 1888 are among the contenders for the description of the oldest ionic 25 liquids studied. Even further back (1876) date publications on pyridine-acid mixtures from the Nobel prize winner Ramsey. 3 However, from the pioneering work that emerged from the groups of Osteryoung 4 and Wilkes and Hussey, 5 until the surge of interest in using air-stable ionic liquids kicked off in the 1990s 30 following the work of Fuller et al., 6 Wilkes and Zaworotoko, 7 and Bonhôte et al., 8 the term 'ionic liquid' was largely synonymous with chlorometallate, or more widely halometallate, systems. These halometallate systems can be defined as ionic liquids formed by the reaction of a metal halide with an organic halide 35 salt. Notably, in the early days the research was limited almost exclusively to chloroaluminate(III) ionic liquids.
In 1974, Parshall reported that organic 'molten salts' containing coordinating chlorostannate(II) or germanate(II) anions could be used as solvents for platinum catalysed 40 hydrogenation of olefins, 9 recognising the importance of the coordinating chlorometallate anions to complex and stabilise the active platinum species and also how using the ionic liquid environment allowed products to be simply separated by decantation or flash distillation without losing catalyst. These 45 generic characteristics that are key to the use of ionic liquids as solvents or catalysts were largely unrecognised at the time.
Partially, this was because research on quaternary ammonium salts was concentrated on phase transfer systems 10 and partially because development in ionic liquids -whether termed low 50 temperature fused salts, molten salts or ionic liquids -was about to be focussed on electrochemical applications.
Wilkes 11 has described, from a personal perspective, how room temperature chloroaluminate(III) ionic liquids -formed as eutectic compositions from organic chloride salts with 55 aluminium(III) chloride -evolved from high temperature inorganic molten salts as a consequence of U.S. Air Force research into lower temperature thermal batteries. It was also recognised that these chloroaluminate(III) ionic liquids could also be used as liquid Lewis acid catalysts, for example in 60 Friedel-Crafts chemistry. 12 Key reviews from Hussey 13 in 1988 and Welton 14 in 1999 have examined in detail the preparation, handling and properties of chloroaluminate(III) ionic liquids.
These two components, namely: the ability to form and stabilise transition metal catalysts in the liquid state, and the 65 development of Lewis acidic room temperature chloroaluminate ionic liquids, were fused together in the transformation of the Institute Francais Petrole's Dimersol process for olefin dimerisation process using NiCl 2 -AlEtCl 2 catalysts 15 into the ionic liquid [C 2 mim]Cl-NiCl 2 -AlEtCl 2 Difasol process. This was 70 a significant contribution to Chauvin's award of the Nobel Prize for Chemistry in 1995. 16 As befits a maturing field of science and technology, these 'older' processes that rely principally on the use of Lewis acidic chloroaluminate(III) ionic liquids 17 underpin a number of processes that are either currently in use, or have been 75 demonstrated, at industrial scales, as Pletchkova and Seddon described in a survey of ionic liquid technologies in 2008. 18 Today, the interest in chlorometallate ionic liquid systems spans the entire metallic region of the periodic table, challenging and expanding beyond these historical foci. Newer applications are of immense diversity: they provide transitional improvements in electroplating and polishing treatments, 19 supply the fundamental chemistry for new gas scrubbing processes, 20 allow syntheses of new inorganic semiconductor materials, 5 transformation of biomass to energy products, and finally are central to controlled separations/extraction processes. Crucially, new studies are forging a path to make systematic correlations of anion speciation and properties across the series of different metals, leading to opportunities to introduce much finer control 10 over properties such as Lewis acidity, stability, reactivity etc.
Within this new work, one thing is clear; anion speciation is of the utmost importance, and if this is not understood with the same degree of precision and care that was made for chloroaluminate(III) ionic liquids in the last century, then 15 incomplete and mistaken conclusions will inevitably arise.
Aspects of metallate ionic liquid chemistry and applications have been reviewed recently, for example by Abbott et al. 19 and Binnemans (on An/Ln systems). 21 Here, we present a critical overview on metal ion speciation in chlorometallate ionic liquids, 20 covering the experimental methods available and the current state of knowledge. Moreover, we illustrate how, taking advantage of the specific properties and complex coordination chemistry present in chlorometallates, a wide variety of innovative applications in chemistry and material science can be developed. 25 
Anionic speciation

The importance of equilibria
Welton and co-workers 22 have demonstrated, in simple yet elegant experiments, that when simple salts such as [Hpy] I are dissolved in ionic liquids, they dissociate to form a binary ionic 30 liquids, with two types of cations and two types of anions, rather than a solution with distinguishable solute and solvent. This result should be obvious, yet clearly needed to be stated. In the more complex case when a metal salt, MY n , is able to expand its coordination sphere, contact with an ionic liquid, [cat] [A], can 35 lead to reactive dissolution forming metallate anions, as shown in Equation 1.
(1)
The product of such dissolution is a new ionic liquid containing several anionic species in equilibrium with each other 40 and having physical and chemical properties which are different from those of the starting materials. Depending on the nature of the newly produced anions, these new ionic liquids may act as ideal solutions, or deviate from this behaviour. 23 Furthermore, if the cation contains functional groups that can coordinate to the 45 metal centre, such as amine, nitrile or carboxylic acid, cationic complexes may be formed. 24 Both situations are compared in a scheme presented in Figure 1 .
Halometallate ionic liquids are a particular case of the general scheme shown in Figure 1 and Equation Eq (1) , where Y, A = Cl 50 and/or Br. Since little work has been done with functionalised cations in halometallate systems we omit these from this discussion.
Addition of a given amount of a metal halide, MX n , to a halide-based ionic liquid, [cat]X, results in a mixture which may 55 contain, next to a well-defined cation, halide and several halometallate anions in a dynamic equilibrium with each other. These equilibria constitute a fundamental characteristic of halometallate ionic liquids, where the anionic speciation can be complex. Typically, several halometallate anions can be formed 60 in dynamic equilibrium. These species can be monomeric and/or oligomeric, with varying coordination numbers, depending on the composition of the ionic liquid, defined as a molar fraction of metal chloride, χ MClx , the coordination chemistry of the metal, its oxidation state, and on the halide present. In the case of the mixed halide system, the statistically mixed distributions of bromochlorometallate anions can also be obtained, which adds further complexity to the systems. . The formed metallate species may be oligomeric or even polymeric; in the latter case they may crystallise out from the solution (c). 75 The physico-chemical properties of halometallate ionic liquids, from their viscosity and electrical conductivity to Lewis acidity and stability towards moisture, depend on their anionic speciation. Consequently, in order to understand and control/modify their properties, it is necessary to clearly 80 understand the nature of their anionic speciation.
Liquid-state speciation studies
It may be obvious but the experimental techniques of most value for studying ionic liquids are those that directly interrogate the liquid state. Information about solution-or solid-state structure 85 may provide supporting information, but cannot necessarily be translated directly to the liquid phase. These issues have been highlighted briefly in a review by Abbot et al. 25 
Vibrational spectroscopy
Vibrational spectroscopy, in particular Raman and far IR 90 spectroscopies, provides the most useful, versatile and straightforward techniques for a speciation study, often permitting direct identification of the chlorometallate species. The main foci are the M-Cl vibrations, typically found within the 600 -650 cm - in glass capillaries 26 or quartz cuvettes 27 ) can be examined without exposure to the atmosphere. Speciation in Ti(IV), Al(III), Ga(III), In(III), Fe(III), Zn(II), Au(I) and Cu(I)-containing systems has been studied, and the general applicability of Raman spectroscopy for the investigation of ionic liquids has been 5 reviewed by Berg. 28 The key to a successful interpretation of Raman data is good spectral resolution and well-supported band assignments. The latter can be derived by comparison with the extant literature (on high-temperature chlorometallate molten salts and solid state 10 structures 29, 30 ) and/or derived from ab initio calculations. 31 For example, in 1978, Gale et al. 32 studied the speciation of [C 4 py]Cl-AlCl 3 systems, having at their disposal medium quality Raman spectra (compared to contemporary standards) and a body of work on high temperature molten salt systems. They They suggested slightly distorted T d symmetry for [AlCl 4 ] -, and, erroneously, D 3d symmetry for [Al 2 Cl 7 ] -(i.e. the structure of two corner-sharing tetrahedra with a linear Al-Cl-Al bridge). Almost two decades later, by combining higher quality spectra from 25 [C 2 mim]Cl-AlCl 3 ionic liquids with ab initio calculations, Takahashi et al. 33 were able to correctly assign the correct C 2 symmetry (with Al-Cl-Al angle of 123.4°) to [Al 2 Cl 7 ] -and also to identify the existence of [Al 3 Cl 10 ] -in equilibrium with [Al 2 Cl 7 ] -at χ AlCl3 = 0.67.
30
In 1974, Yoke and co-workers 26 unambiguously identified the presence of [CuCl 2 ] -anions in chlorocuprate(I) ionic liquids by comparison of their Raman and IR spectra to those of chlorocupate(I) molten salts. However, unambiguous assignment of bands observed at χ CuCl > 0.50 to oligomeric anions such as 35 
[CuCl 3 ]
2-and [Cu 2 Cl 3 ] -could only be postulated in the absence of comparable supporting literature or ab initio calculations. It is notable that unambiguously assigned spectra of polynuclear metallate anions are rare in the literature, presumably because these species are more prevalent in ionic liquids than in higher 40 temperature molten salts, for which the bulk of published data exists.
Raman spectroscopy provides much more information than simply stretching frequencies. Comparison of vertically, I| | | || | | |, and horizontally, I⊥, polarised spectra provide a great deal of 45 information about symmetry. The intensity of bands from symmetrical vibrations (polarised) are dramatically reduced in the horizontal polarization mode, and this can be critical information allowing the existence, or non-existence, of possible anions to be verified. 50 Wicelinski et al., 34 in an early study of chlorogallate(III) ionic liquids, were able identify [Ga 2 Cl 7 ] -, as opposed to Ga 2 Cl 6 , at χ GaCl3 > 0.50, because the band at 414 cm -1 , which could belong to either species, was not polarised, unlike the signal reported for Ga 2 Cl 6 in the literature. Similarly, at χ GaCl3 > 0. 67 90 intensity of the strongest peaks assigned to both species.
The main limiting constraint of Raman spectroscopy is the spectral resolution, which makes it unsuitable for the detection of species present in low concentrations (less than 5 or even 10 mol % may pose difficulties). Additionally, the resolution may be than 785 nm frequency, problems with fluorescence arising from impurities in chloroferrate(III) ionic liquids could be overcome.
Raman studies of mixed-halide systems are rare, although they appear as a very convenient way of elucidation the speciation. -anions in statistical distribution was detected in the χ InCl3 = 0.50 sample (Figure 3) , and the signals were assigned based on the literature data. 
NMR spectroscopy
The most relevant NMR experiments for determining 15 chlorometallate ionic liquid speciation are studies performed on the pure ionic liquids, using an external deuterium lock. For materials that are solids or too viscous at ambient temperature to obtain reasonably resolved spectra, elevated temperatures can be used to reduce viscosity, and the negligible vapour pressures of 20 ionic liquids allow wide temperature ranges to be used. For air/moisture systems, samples can be loaded and sealed under an inert atmosphere in a glovebox. 42 Chlorometallate ionic liquids may be studied using standard 1 H and 13 C NMR spectroscopy, with a focus on an organic cation 25 and its interaction with anions, as well as by NMR spectroscopies of 35 Cl and of the anionic metal nuclei. However, it is worth noting that 35 Cl NMR spectra are generally of low quality 43 with very broad signals, and this is also compounded by difficulties in finding comparative data in the literature.
30
Metal NMR spectroscopy. NMR spectroscopy of metals with NMR-active nuclei has been successfully used to characterise a number of chlorometallate systems. Direct identification of anionic species based on chemical shift can be challenging, due to the dynamic equilibria between metallate species that may be 35 present. Comparative literature data is limited and data on the chemical shifts of metal nuclei in chlorometallate anions may differ significantly from those observed in solution. 44 Consequently, a great caution must be adopted when assigning species to metal NMR chemical shifts. For example, in 1981, 40 Grey and Maciel 45 studied the [C 4 py]Cl-AlCl 3 system using 27 Al NMR spectroscopy and assigned a sharp signal at 97 Although unambiguous assignment based on chemical shift 60 can be problematic, the NMR signals can be very sensitive to even subtle changes in speciation around the metal nuclei, which are reflected in peak geometry (its width and shape). These signals (typically described by the full width at half-height, ∆υ 1 showing a dramatic signal broadening with the increase of the nuclear spin, even allowing for the viscosity changes between systems with different cations. 50, 51 high quadrupole moments combined with the formation of lower symmetry species and high exchange rates 30 led to the complete collapse and disappearance of the signal at compositions containing multiple chlorometallate species. Consequently, the primary benefit of NMR spectroscopy as a speciation tool is the extreme sensitivity of peak shape to changes in speciation, which allows detection of even small amounts of 35 lower-symmetry polynuclear species. 52 More advanced metal NMR studies have been carried out only for chloroaluminate(III) systems. Manipulating the temperature and the pre-acquisition delay time, DE (the time interval between the observe pulse and the onset of data acquisition), Grey Discrete peaks for each species could be found because the affinity of aluminium to chloride is much higher than that to 70 iodide, consequently the exchange rate between the halides was slow compared to the NMR time scale. Interestingly, no exchange at all was observed for χ AlCl3 = 0.50. 
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In conclusion, metal NMR spectroscopy is complementary to Raman spectroscopy in terms of anionic speciation studies. The latter technique is ideal for the assignments of dominant anionic species, which can be done unambiguously if coupled with simulations and/or the reliable literature data, but is not sensitive 85 to small speciation changes. Examining ∆υ 1/2 changes of NMR signals as a function of χ MClx allows for detection of the appearance of new species of lower symmetry, even for very small concentrations. 90 EPR is a low-temperature (cryogenic to ambient) technique complementary to NMR spectroscopy, suitable for the studies of magnetic nuclei, such as copper(II) or iron(III). It appears to be particularly useful for the copper(II) speciation studies, as paramagnetic chlorocuprate(II) anions cannot be studied using 95 NMR spectroscopy, and are very difficult to investigate using Raman spectroscopy, as they absorb the laser energy and effectively burn during the measurement. Although the technique was found to be very suitable for the studies of speciation of 20 techniques, where the sample is irradiated with photons in vacuo, and the kinetic energy of the emitted electrons is measured. 57 The negligible vapour pressure of ionic liquids has allowed them to be the first liquids ever studied using XPS, opening up fascinating areas of study on liquid-gas surfaces and thin liquid films on 25 solids.
Electron paramagnetic resonance (EPR)
In terms of speciation, XPS may provide information regarding elementary composition, oxidation states as well as coordination environments in the near-surface region of a sample, which makes it a very powerful technique. The drawbacks include lower 30 availability of the equipment compared to Raman or NMR spectrometers and the relative complexity of data acquisition and processing (correction factors, charging). A detailed discussion on the scope and limitations of this technique for ionic liquids studies has been recently summarised in an excellent review. 57 Figure 6 ) as the potentiostatic reduction took 90 place. In general, the technique is limited by instrument availability, but rapid progress in the XPS investigation of metals in ionic liquids is expected in the near future. 57 This will likely include the development of customised setups, allowing in situ studies of 100 reactive processes, handling air and moisture sensitive materials etc. 
X-ray absorption spectroscopy (XAS)
X-ray absorption encompasses a range of techniques, including X-ray absorption fine structure (XAFS), extended X-ray absorption fine structure (EXAFS), X-ray absorption near-edge structure (XANES) etc., which provide local geometric and/or 10 electronic structural information about materials, in this case in the liquid phase. XAS techniques are atom-specific and extremely useful in situ probes applicable for both solid and liquid states, and a range of sample environments, temperatures etc. The major drawbacks are the need for a high energy X-ray 15 source (synchrotron) and complex data processing and interpretation. EXAFS is most suitable for the study of metal coordination environments, and the application of this technique to ionic liquids and molten salts in general, has been reviewed by 20 Hardacre. 61 Measurement is based upon the irradiation of a sample with hard, monochromatic X-rays, tuned to an absorption edge of the chosen element. The X-ray absorption results from the excitation of a core electron in an atom; the ejected electron (it is useful to perceive it here as wave rather than a particle) is 25 back-scattered by the surrounding atoms, giving an oscillatory structure at the energies past the absorption edge. From this structure, the local arrangement of atoms around the central atom can be elucidated (the type, number, and distance of the surrounding atoms up to 6 Å). 61 30 Variable temperature EXAFS has been used to study both organic molten salts and compounds which are 'real' ionic liquids according to the 100 °C melting point threshold. Figure 8 . EXAFS of the metal edges revealed the existence of a single coordination sphere around the metal (i.e. no dimeric species 25 were found) -see Figure 7 . Coordination number of 4, within the experimental error, was obtained except for supported chlorozincate(II) and chloronickelate(II) systems were the apparent coordination numbers dropped to 3.6 ± 0. 68 In their subsequent analysis, four chlorines were detected in the first coordination 55 sphere at χ AlCl3 = 0. 43 -and share chlorine atoms with nickel(II), as shown in Figure 9 .
In analogy with XPS, innovative applications of XAS techniques are being explored; in particular in situ investigations of various processes.
XAS (EXAFS and XANES) results combined with DFT calculations were used to study the behaviour of glucose 2-anions. Glucose was found to substitute one of the chloride ligands, acting as a monodentate O-ligand. In contrast, the copper-based system 75 contained only chlorocuprate anions -but Cu(II) was partially reduced to Cu(I). This indicated that upon dissolution of glucose in the chlorocuprate(II) system, a fast redox process occurs, but the oxidised glucose product does not coordinate to the copper(I) species formed from the reaction. 70 80 In a recent study, [C 4 mim][AuCl 4 ] (tetrahydrate) was exposed to synchrotron X-ray radiation, which induced the formation of Au(0). 71 X-rays were used in a dual role of reducing agent and a probe for EXAFS measurements. As shown in Figure 10 , Au-Cl coordination number decreased gradually with time of the X-ray 85 exposure. After several hours, the signal corresponding to Au-Au contact appeared, and then increased with time. Analysis of the results led the authors to propose a new and unique mechanism of the nanoparticles formation, depicted in Figure 11 . The coordination of gold in chloroaureate cation is gradually reduced 90 from 4 to 2, whence Au-Au bonds begin to form, which leads to the formation of clusters and then nanoparticles. Ionic liquid stabilises reduced cations of sub-valent gold; moreover, chloride ions act as capping agents to the formed nanoparticles. 20 Chlorometallate complexes which absorb ultraviolet or visible light can be studied using UV-VIS spectroscopy. The measurements are simple and fast, the main limitation may be the very high extinction coefficient of neat systems, enforcing the use of very short path length cuvettes (even 0.1 mm), or dilution, 54 25 which can however alter speciation. Schaltin et al. 72 have used UV-VIS spectroscopy to study Co(II) speciation in [C 4 (Figure 12 ), 10 hence particularly suited for UV-VIS spectroscopy. 2-upon irradiation. Wellens et al. 74 have used UV-VIS spectroscopy to monitor the selective extraction of cobalt (in the form of chlorocobaltate(II) complex) from aqueous solutions containing Co(II) and Ni(II) into a hydrophobic ionic liquid, [P 6 6 6 14 ]Cl ( Figure 13 ). 
UV-VIS spectroscopy
Bulk property measurements
Bulk properties of ionic liquids depend entirely on the ions present; consequently, for chlorometallate systems, changes in 35 the bulk properties as a function of χ MCln can be directly related to changes in anion speciation. Melting points, obtained from differential scanning calorimetry (DSC), or less commonly from polarised optical microscopy (POM) or from simple observation using melting point apparatus, allow the construction of a phase 40 diagram, which is a convenient base for speciation studies of a system, even though it provides no information about the anions present.
The archetypical phase diagram, obtained by Fannin et al. 75 for the [C 2 mim]Cl-AlCl 3 system, is shown in Figure 14 Even within Group 13-based systems, anionic speciation and consequently phase diagrams differ significantly. For On the other side of the spectrum, both complex anion speciation and materials incorporating cations with long 15 hydrocarbon chains (which can generate ionic liquid crystallinity) may contribute to phase diagrams of increasing complexity. Figure 16 2-anions, respectively. Interestingly, there is no obvious relation between the morphology of the phase of the liquid crystal and the anionic speciation. 25 Not only melting points, but also other physical properties of chlorometallate ionic liquids are directly related to speciation, and therefore are good indicators of changes in speciation. The most detailed thermodynamic model of distribution of chloroaluminate(III) species in the liquid phase ( Figure 17 ) was 30 provided by Øye et al., 79 who combined vapour pressure measurements with EMF data published by Hussey et al. 80 It is noteworthy that, for any given χ AlCl3 value, only the concentration of [AlCl 4 ] -reaches 100% (for χ AlCl3 = 0.50). Both viscosity and specific conductivity measured for various 35 compositions of the [C 2 mim]Cl-CuCl system indicated a 'critical composition' at ca. χ CuCl = 0.50. 81 This was related to the relatively soft [Cu I Cl 3 ] -anion replacing small and hard Cl -, which resulted in decreasing viscosity and increasing ion mobility (ergo higher conductivity). In contrast, viscosity of chlorochromate(III) ionic liquids based on a hexahydrate salt, [ch]Cl-CrCl 3 ·6H 2 O, decreased with χ CrCl3·6H2O value increasing from 0.50 to 0.71, and no eutectic 55 composition was observed. 82 This indicates that measurements of physical properties are most informative for neat chlorometallate systems; when water or other solvents are present, they may act as ligands to the metal, or as molecular solvents dissociating the salt, and results may be more difficult to interpret in terms of 60 anionic speciation. 
Neutron scattering
Liquid neutron scattering (diffraction from liquid samples cf. crystalline materials) was used at an early stage to look at the liquid structure of molten salts. 83 Over the past ten years, great 
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made based on neutron scattering data and its direct analysis or indirect interpretation through modelling. However, for ionic liquids, apart from one study by Takahashi et al. 84 where data was collected on [C 2 mim]Cl-AlCl 3 ionic liquids and was interpreted through simulation, the focus of neutron scattering 5 experiments has been on ionic liquids with metal-free anions, 85, 86 and particularly on materials with static anion configurations rather than the dynamic equilibria commonly found in the halometallate systems.
Neutron scattering provides information about the total 10 structure within liquids (or glasses) and when combined with techniques such as XAS that inform on local environments, and computational modelling should be able to provide a detailed picture about how the changes in metallate anion speciation that occur with changing mole fraction affect the bulk structural 15 properties of ionic liquids.
Theoretical studies
Like bulk physical properties, theoretical simulations cannot be treated as a 'standalone' method so study speciation, but can be a very valuable asset in conjunction with the above-discussed 20 experimental methods. For example, Mains et al. 87 used ab initio approach to model a range of haloaluminate(III) and alkylhaloaluminate(III) anions to calculate vibrational spectra and 27 Al quadrupole coupling constants; both were in a very good agreement with the 25 experimental spectra, which strengthen the assignments and enabled better understanding of the spectroscopic results. Takahashi et al. 84 used ab initio modelling to understand shortrange ordering observed in [C 2 mim]Cl-AlCl 3 ionic liquids by neutron scattering; it was demonstrated that the structure of 30 [Al 2 Cl 7 ] -in the liquid is similar to that in the crystal, with tetrahedral 'AlCl 4 ' units merged by a bent Al-Cl-A bridge. In contrast, Lü et al. 88 have modelled the [C 2 mim]Cl-CuCl system and optimised the structure of several chlorocupprate(I) anions, but provided neither comparison with crystallographic data, nor 35 spectroscopic predictions, which significantly limits usefulness of such study.
De Andrade et al. 89, 90 were looking at the structure of the bulk [C 4 aspect of speciation studies, namely marked differences between speciation in liquid, solid and gas phases. observed in mass spectra using both ESI-MS and FAB-MS ( Figure 19 ). In some cases (viz. studies on chlorogallate(III) and chloroaluminate(III) systems) 99 MS results are in general agreement with other spectroscopic and electrochemical studies. However, this appears as much a coincidence as a rule when contrasted with the other examples above. Importantly, 20 researchers from outside of the ionic liquids field have encountered similar discrepancies. Di Marco et al. [100] [101] [102] [103] devoted a number of publications to studies of metal-ligand aqueous solution equilibria using electrospray mass spectrometry (ESI-MS) and stated that 'the ionization process can introduce 25 perturbations which affect the speciation results in an unpredictable way' 103 and that 'the identification of perturbations is a required task for any metal-ligand equilibrium study performed by ESI-MS'. 103 In his review on ESI-MS, Kebarle 104 stated explicitly: 'the ions observed in the gas phase may be 30 different from those present in the solution, owing to processes which occur at the threshold between solution and gas phase and ion -molecule reactions in the gas phase'. The same issues are related to FAB-MS, where the studied sample is said to be either in the gas phase, 105 in a state where the gas phase is 35 predominant, 106 or in a hybrid 'bubble chamber model'. 107 For chlorometallate ionic liquid systems (viz. studies on chlorozincate(II) systems), FAB-MS 64 and ESI-MS 27 experiments gave the same results, indicating that both techniques are prone to the same measurement errors. 
When an 'ionic liquid' is not a liquid…
Crystallography -use with caution
Crystallography may aid to elucidate the liquid-phase speciation. In the same time, it can never be a priori assumed, that the examined produced single crystals correspond even to the bulk of the solid, let alone to the molten ionic liquid. 45 Crystal structures can be used to confirm and support the studies on liquid-phase speciation. For example, Dymek and coworkers 108 2-anions with copper coordination geometries ranging from square planar to tetrahedral, polymeric chlorocuprate chains with copper coordination numbers ranging from 4-6 can be 10 widely observed depending on the Cu:Cl ratios, cation, and crystallisation processes. 116 Willett and Geiser, while reporting the structure of a tetraethylammonium chlorocuprate (1:1) salts with a linear tetranuclear anion, comments on "the peril of attempting to summarize the structural behavior of copper(II) 15 halide species". 117 The same can be observed for other metals, such as zinc(II) or lead(II), where halometallate ionic liquids crystallised to form polyanionic strands and networks. However, it has been observed that the structure of the polymeric strand is in a direct relationship with the structure of a monomeric anion 20 present in the melt. 
Influence of the cation on anionic speciation
In the bulk of the discussion up to this point, there has been an implicit assumption that chlorometallate anion speciation is independent of the cations present, and that the cations (for   25   example dialkylimidazolium, tetraalkylammonium, tetraalkylphosphonium or alkylpyridinium) only change physical properties (e.g. melting points). However, an effect of a non-functionalised cation on the anionic speciation has been observed in several cases. -is never formed. This can be justified by the energy of formation of the dimeric anion being 115 lower than the lattice energy iron(III) chloride. 
Page 20 of 46 Chemical Society Reviews
This 27 Al NMR and FT-IR spectroscopies. The 27 Al NMR spectrum (shown in Figure 22 ) 60 clearly confirmed the presence of significant amounts of binuclear, bimetallic [CuCl(AlCl 4 )] -anion. The anion was also detected by ESI-MS, although the merits of using gas phase techniques to characterise species present in bulk ionic liquids has been already disputed in the characterisation section. 2-as indicated in Figure 9 . Either way, all investigations are based on EXAFS, and other spectroscopic techniques as well as high level ab initio calculations appear to be necessary to elucidate the actual speciation. This is problematic, as Raman would not detect small quantity of the complex, NMR 25 studies are obstructed by the presence of paramagnetic metals, and ab initio investigations involving several metals in equilibrium are very challenging. Figure 23b and c).
Significance of heterometallic, polynuclear anions. Upon the formation of heterometallic, polynuclear complexes, metals dissolved in an ionic liquid change their properties, most prominently redox potential and catalytic activity. Reduction of 30 these species facilitates depositions of metals and alloys, which were challenging to access otherwise; this was extensively reviewed 140 and is still explored. 141 Catalytic applications of
bimetallic compounds, already signalled here, will be discussed in the section on catalysis. 
Chlorometallate ionic liquids and water
Chlorogallate(III) systems were shown to react similarly to the Al(III)-based ones, but at a lower rate. 99 Hydrophobic chloroferrate(III) systems undergo very slow hydrolysis, which is 20 discussed in the further section. 143 The mechanism of hydrolysis of chloroaluminates(III), as well as good handling and synthetic practice to avoid it, are described thoroughly in Welton's review from 1999. 14 The hydrolytic instability of chlorometallates(III) is, however, a double-edged 25 sword. On one hand, their tendency to hydrolyse has been the major challenge in implementation of chloroaluminate(III) ionic liquids in the industry, and the main incentive for the scientist to turn their interest towards 'air-and water stable', 6 On the other hand, this strong interaction with water arises from the very strong Lewis acidity of chloroaluminate(III) ionic liquids, the core property that makes them useful as catalysts. Moreover, it is the superacidic protons deriving from partial hydrolysis of the Lewis acidic 35 chloroaluminates(III) which are behind acid catalysis in chloroaluminate(III) media. Both aspects are discussed in the further sections of this review.
In view of this, it must be emphasised that chloroaluminate(III) and chlorogallate(III) ionic liquids prepared in open air (without 40 protection from the moisture), 144 or indeed prepared from the corresponding metal(III) chloride hydrates, 145 contain a mixture of oxo-and hydroxochlorometallate(III) anions of variable composition. They will display catalytic activity, even for neutral compositions (χ MCl3 = 0.50), due to the presence of superacidic 45 protons, but their activity will vary with the degree of hydrolysis, and there is high probability of gradual HCl release, which in general means that the use of such systems is simply a bad practice.
Hydration
50
Ionic liquids based on other metals, in particular chloroindate(III) and chlorozincate(II) systems, are often described as moisture-stable alternatives to chloroaluminate(III) systems. 146, 147 Indeed, chloroindate(III) and chlorozincate(II) ionic liquids can be used in the open air and, moreover, are less oxophillic than the 55 Al(III)-based analogues. This can be used to advantage, for example as catalysts for reactions of alcohols or phenols 146, 148 which are incompatible with chloroaluminate(III) ionic liquids.
However, even ionic liquids that do not hydrolyse may be prone to hydration; instead of decomposition with HCl release, 60 stoichiometric amounts of water molecules may coordinate to the metal centre. For 2+ (n = 4-6) cation for dilute aqueous solution of ionic liquid (χ H2O ≈ 1.00), as depicted in Figure 24 . The choline-chromium(III) [ch]Cl-CrCl 3 ·6H 2 O system has the eutectic composition at χ CrCl3·6H2O = 0.67, and forms a dark green, viscous, room temperature ionic liquid. 150 (Figure 25 ). 130 with permission from Wiley). 40 The authors offer several possible explanations to the LCST-type behaviour: (a) cohesive energy of water causing 'solvophobic' immiscibility, after Weingärtner; 153 (b) long-range Coulomb forces, described by Debye-Hückel theory, after Schröer and co-workers; 154 (c) competitive hydrogen bonding between 45 cation…anion and anion···H 2 O···anion. 154 Be it due to the long-range Coulombic interactions or due to differences in the hydrogen bond strength, it was demonstrated that cation-anion interactions are more thermodynamically favourable than those between ions and water; namely that the reaction of [ 
Acidity
The Lewis acidity of chlorometallate ionic liquids is controlled by both the electrophilicity of the metal and the mole fraction of metal chloride (χ MXn ) used to prepare the ionic liquid. 70 Consequently, Lewis acidity is yet another property of chlorometallate ionic liquids closely related to speciation, which depends on both the metal and on the ionic liquid composition. The widely studied changes in speciation within chloroaluminate(III) ionic liquids can be considered as a 75 representative example. When aluminium(III) chloride is dissolved into an excess of a chloride-based ionic liquids, In the presence of a base, these anions dissociate into a neutral anion and a free Lewis acid, which complexes the base (Equation 95 8).
[ 
Acidity in different chlorometallate systems
The ability to act as a Lewis acid depends on the electrophilicity of the metal centre and availability of its LUMO orbital. Hence, 100 naturally, ionic liquids based on zinc(II) will be weaker acids than those based on aluminium(III). However, it is very important to remember that the neutral point depends on the coordination chemistry of the metal in question, and does not have to be at χ MCln = 0. 
Once again, these species only result in very mild acidity due to the nature of the In ( The upper limit of the acidity achievable for any chlorometallate ionic liquid is the solubility of metal halide in the 30 [cation]Cl of interest. Chloroferrate(III) ionic liquids are relatively moisture-stable and hydrophobic, and taking into account high Lewis acidity of iron(III) chloride, they appear to be great candidates for Lewis acidic systems. However, this is restrained by the limited ability of Fe(III) to form dimeric 35 [Fe 2 Cl 7 ] -anions -the most acidic, homogenous composition achievable in these systems is ca. χ FeCl3 = 0.60, 157, 158 as shown in Table 2 .
Following on from this discussion, it should also be clear that merely dissolving a Lewis acidic salt in an ionic liquid does not 40 guarantee a Lewis acidic system. At low concentrations, the Lewis acid will be neutralised by the excess of basic anions, as exemplified by Equation 5 . This appears obvious, but the literature features numerous examples, predominantly from the realm of organic chemistry, where several mol % of metal 45 chloride or triflate is solubilised in to an ionic liquid, and systems with more basic (stronger coordinating) anions are rendered as bad for the particular type of reaction, because the authors perceive ionic liquids as an inert solvent 3.2. Buffering and latent acidity 50 As mentioned previously, preparation of ideally neutral chloroaluminate(III) systems is technically difficult, simply due to experimental error involved in weighing out the starting materials. However, it is possible to achieve a perfectly neutral compositions by buffering a slightly acidic ionic liquid, 0. The same effect can be achieved using a range of organic bases, such as pyridine, although this also results in the introduction of additional protic-cations.
Buffered chloroaluminate systems have wide electrochemical window of a neutral composition. Also the 27 Al NMR signal is 65 identical with that of neutral system. At the same time, they do display behaviour called latent acidity. Unlike the 'truly' neutral systems, they can interact with bases and catalyse reactions, although their acidity is mitigated to a certain extent by the buffer. 159 This phenomenon was used in catalytic applications, 70 where unbuffered chloroaluminate(III) systems were too active, yielding unwanted by-products, and buffered systems offered moderate acidity and improved selectivity.
As emphasised a number of times, the behaviour observed for chloroaluminate(III) systems cannot be directly extrapolated to 75 other systems. For example, it was demonstrated that chlorogallate(III) systems also can be buffered with NaCl, but in this case the buffered composition remains slightly acidic. 71 Ga NMR signal resembles that of unbuffered χ AlCl3 = 0.51 composition. Moreover, electrodeposition from the buffered 80 system is possible, giving deposits with superior morphology. The buffering to mild acidity can be attributed to higher tendency of Ga(III) to form oligomeric chlorogallate(III) anions; in the equation analogous to Equation with Al, the equilibrium is shifted more to the left, with some [Ga 2 Cl 7 ] -still present in the buffered 85 system.
Measurement of Lewis acidity
Stoichiometric probes
We all know that sulphuric acid is stronger than acetic acid. This is because their acidity -Brønsted acidity -has been long 90 measured and quantified in a variety of scales: pH, pKa, Hamett acidity -to mention just the most common ones. The situation is fundamentally different with Lewis acids -and for a fundamental reason. In Brønsted acids, proton is the agent of acidity. The freedom of proton, the ability of acid to protonate a base, is the universal measure. In contrast, Lewis acids are characterised by having a free LUMO, available to interact with HOMO of a base. Each Lewis acid has different size of LUMO, hence the strength 5 of interaction with base will be different. As a simple example, the affinity of Al(III)-based acids to O-donors and S-donors is different to the affinity of Ga(III)-based acids to the same donors, due to the differences in the orbital sizes, both on the HOMO and LUMO sides. 10 Lacking the universal probe, methods to measure Lewis acidity are based mainly on choosing an arbitrary one, and measuring the strength of its interaction with different acids by spectroscopic means.
Yang and Kou 160 adapted techniques used to characterise solid 15 acids, based on changes in the vibrational spectra of surface condensed basic probes such as pyridine or acetonitrile, 161 to determine the Lewis acidity of chlorometallate ionic liquids containing CuCl, FeCl 3 , ZnCl 2 , and AlCl 3 . The authors reported that the acidity followed the order Cu(I) < Fe(III) < Zn(II) < 20 Al(III) for χ MCln = 0.66. Moreover, at the compositions where neutrality could be expected based on stoichiometry (χ MCln = 0.50 for M = Cu, Fe, Al, and χ ZnCl2 = 0.33), a free pyridine signal was observed for each sample, indicative of the lack of acidity. The same methodology as been employed using acetonitrile for other 25 ionic liquids 162 including cholinium chlorozincates(II). 163 Xin et al 164 Although these measurements are simple, the molecular probes (pyridine, acetonitrile etc.) are used at levels approaching stoichiometric which can significantly perturb the anion 35 equilibrium and consequentially do not report on the acidity of 'pure' ionic liquids.
Gutmann Acceptor Number
A much less invasive approach is to measure the Gutmann Acceptor Number (AN). 165 The strength of interaction of a Lewis 40 basic probe, triethylphosphine oxide (tepo), with the ionic liquid environment can be determined using 31 P NMR spectroscopy. The change in 31 P NMR chemical shift, extrapolated to infinite dilution, reports directly on the AN. Crucially, since typically three small quantities of tepo are solubilised in ionic liquid to 45 extrapolate to infinite dilution, the bulk equilibria are assumed to remain unaffected. Moreover, since data for a wide range of molecular acids (both Brønsted and Lewis) have been measured, this approach also allows the acidities of ionic liquids to be compared directly to 'traditional' acids. 50 AN values for neat and buffered chloroaluminate(III) ionic liquids were initially measured by Osteryoung and co-workers. 159, 166 This studies were recently expanded to other systems, including Group 13 metals, 156 Zn(II) 167 and Sn(II) 48, 168 ( Figure 27 ). 
XPS measurements
Licence and co-workers 58 XPS appears to be a powerful and elegant tool to obtain 70 information about speciation, simultaneously investigating acid-base interactions in the neat ionic liquid, without the requirement for a spectroscopic probe. The main drawback is that the method is less universal than Gutmann AN measurements, because it is tied to the binding energy of the studied metal, 75 making comparison between different systems difficult. Furthermore, as already mentioned, data acquisition and analysis requires XPS machine and expert training. In conclusion, it appears that the two approaches: XPS studies and AN measurements are very compatible, the former offering breadth of 80 information on the neat system, the latter benefiting of the simplicity of use and possibility of comparison across the range of known acids of any kind.
Brønsted acidity
As described in the section on hydrolysis, the presence of water Figure 29) . Exo-THTCPD is a valuable compound used in JP-10 55 aviation fuel, and the authors note that the endo-cyclopropyl fragment of THTCPD cannot be isomerised by AlCl 3 . The differences in selectivity result probably from the changes in Brønsted superacidity arising from the use of protonated cations addition to Lewis acidity. 60 Jess and co-workers 181, 182 explored the influence of various proton sources: water, acidic cation exchange resins, or 1-(4-sulfobutyl)-3-methylimidazolium hydrogensulfate, on the alkylation of but-2-ene with butane in acidic chloroaluminate ionic liquids (χ AlCl3 = 0.55 -0.66). They report that incorporating 65 Brønsted acidic protons in the Lewis acidic chloroaluminate(III) ionic liquids promoted the formation of branched oligomers, especially trimethylpentane, giving research octane numbers comparable, or greater than, those obtained using concentrated H 2 SO 4 as a catalyst. Meyer and Wasserscheid 183 also showed that 70 a Brønsted superacidic ionic liquid capable of catalysing isomerisation of n-octane to isooctanes could be prepared by adding sulphuric acid to Lewis acidic chloroaluminate(III). They proposed that Brønsted superacidity was promoted the through the precipitation of aluminium sulfate which displaces the anion 75 equilibria generating 'naked' protons (Equations 13 and 14). 
Overall, this is equivalent to the addition of HCl, as described in Section 3.4.
80
Other chlorometallate systems. Although many chlorometallate systems are known, and have been described in earlier sections, there are comparatively few examples where the differences in their performance as acid catalysts have been assessed, beyond yes/no stage-gates for reactivity. Where 85 comparisons have been made, these are usually found under the pretext of forming empirical "acidity scales", or aiming to alleviate some of the problems arising from the hydrolysis of chloroaluminates(III) ionic liquids.
It is worth pointing out that as AN measurements have shown, 156 most chlorometallate 90 ionic liquids (irrespective of metal type, or mole fraction metal chloride present) present lower Lewis acidity than that of 'acidic' chloroaluminate(III) systems. This is exemplified by the alkylation of benzene using p-formaldehyde 184 and dichloromethane 185 as C1 fragments catalysed by acidic However, despite (or because of) the extreme activity of chloroaluminate(III) systems, it is often beneficial to move onto 5 milder catalysts. Gunaratne et al. 186 showed how phenols and catechols could be alkylated in weakly acidic chloroindate(III) ionic liquids, with good control over selectivity, preventing polyalkylation that would occur using stronger acids. Moreover, chloroindate(III) did not react with hydroxo groups of the 10 reactants, which is a major impediment for using chloroaluminate(III) systems in such reactions. Atkins et al. 187 used acidic chlorogallate(III) ionic liquids to oligomerise 1-pentene, producing lubricant base oils with high yields of desirable C20-C50 hydrocarbons. Again, this was in contrast to 15 chloroaluminate(III) analogues, which under the same conditions yielded high-MW polymers. Oligomerisation of isobutene catalysed with chloroferrate(III) ionic liquids has been studied by Yang and co-workers. 188 When a protic cation, [HN 2 2 2 ] + , which provided a source of Brønsted acidic species, was combined with 20 acidic chloroferrate(III) compositions, high selectivities to di-and tri-isobutene oligomers were reported, and when Cu(I)Cl was added, producing mixed metallate [HN 2 2 2 ]Cl-FeCl 3 -CuCl (1 : 1.5 : 0.1-0.3) systems, both conversion and selectivities to di-and tri-(C8 and C12) products were enhanced. 25 Kim and Varma 189 reported that chlorogallate(III) ionic liquids were better than the chloroindate(III) equivalents for the acetalysation of benzaldehyde. Since GaCl 3 is a stronger Lewis acid than InCl 3 , this is as anticipated. However, the experiments were performed at χ MCl3 = 0.49 (i.e. in the basic regime of the 30 chlorogallate(III) phase diagram), where no Lewis acidity from the chlorogallate(III) system would be expected.. It is possible that the higher activity of chlorogallates(III) could be attributed to the higher activity of adventitious protons, i.e. to the partial hydrolysis of ionic liquids (which would be occurring for Ga(III) 35 to a much greater extent). Furthermore, neutral chloroferrate(III) ionic liquids, containing [FeCl 4 ] -anions, have been reported to be mildly acidic. This may be due to the latent acidity, the amphoteric nature of Fe(III), or to the presence of water which causes shifts in anion equilibrium comparable to those with 40 chloroaluminates. Taking advantage of the acidity and water stability, chloroferrate(III) systems have been used to prepare 4-aryl-dihydropyrimidinones through Biginelli condensation reactions, 190 to convert trimethylsilyl ethers to acetates, 191 as mild acids for the deprotection of aryl aldehyde bisulfite adducts 192 45 and ethers to aldehydes and ketones. 193 199 also describe the use of titanium compounds as modifiers in chloroaluminate ionic liquids; saturated oligoalkylnaphthenes were obtained with a narrow molecular mass distribution (M w /M n = 1.03-1.55) from hex-1-ene.
Chlorometallate anions as ligands
Parshall in 1972, 9 for using PtCl 2 dissolved in chlorogermanate(II) and chlorostanate(II) ionic liquids as catalysts for the carbonylation and hydrogenation of olefins. Based on the isolation and identification of different species from the reaction media including [(C 2 H 5 ) 4 4 ] after hydrogenation, the catalytic cycle shown in Figure 30 was proposed for the hydrogenation of ethylene, in which the platinum catalyst remains coordinated and stabilised by nucleophilic chlorostanate(II) anions as an anionic complex within the ionic liquid. The ability of trichlorostannate(II) and trichlorogermanate(II) anions to coordinate to metal centres is a consequence of the stereochemically active lone-pair present in tin(II) and germanium(II). Formation of active catalytic species through complexation of nickel(II) centres in chloroaluminate(III) ionic 30 liquids provides the key improvement within the IFP Difasol process for olefin dimerisation, as highlighted by Chauvin in his Nobel prize lecture. 16 The best known example of catalysis in mixed-metal ionic liquids is the Difasol process developed by Chauvin and 35 co-workers at the IFP 15, 200, 201 as an advance over their conventional, commercial Dimersol olefin oligomerisation technology. Dimersol makes use of trialkylaluminium and nickel(II) complexes to generate a Ziegler-Natta catalyst. In the Difasol modification, trialkylaluminium reagents are substituted -. Moreover, as the feed and oligomeric products are both poorly soluble in the ionic liquid catalyst (cf homogeneous reaction with the Dimersol catalysts) the process can be run in a semi-continuous batch operation with simple separation of products and recovery of the 55 active liquid catalyst (see Figure 31 ). The Difasol process is reported to give C8 yields 10% higher than for homogeneous systems with lower consumption of nickel and with no ionic or metal contamination in the products, simplifying the unit operation. 
Basic catalysis
As discussed earlier, basic chlorometallate ionic liquid 5 compositions contain an excess of free chloride anions. Under such conditions, the metal ions present may be coordinatively saturated and so will not behave (typically) as Lewis acids.
The most prominent developments in recent years have focussed on the isomerisation and dehydration of sugars in ionic 10 liquids. The transformation of C5 and C6 sugars (mainly fructose and glucose) to 5-hydroxymethylfurfural (HMF) has been proposed as a key step in the generation of liquid hydrocarbon fuels from biomass resources (see Figure 32) . 15 Figure 32. Glucose to fructose isomerisation followed by dehydration to HMF has been proposed as a route to obtain liquid hydrocarbons from biomass.
In 2007, Zhang and co-workers 207 reported that a wide range of metal chlorides (CrCl 2 , CrCl 3 , FeCl 2 , FeCl 3 , CuCl, CuCl 2 ,
20
VCl 3 , MoCl 3 , PdCl 2 , PtCl 2 , PtCl 4 , RuCl 3 , or RhCl 3 ) dissolved in chloride-based ionic liquids could be used to catalyse the dehydration of fructose at 80 °C. Some metal chlorides (including alkali chlorides, LaCl 3 and MnCl 2 ) were noted to be ineffective. Glucose, in contrast, was found to be much more difficult to 25 dehydrate, with only CrCl 2 from the range of metal chlorides screened yielding high conversions of glucose to HMF. Following on from this report, many groups have examined the same reactions with a range of chloride-based ionic liquids.
208-217
The most challenging task appears to be in understanding the 30 mechanism of the process and elucidation of the active chromium species. Zhang and co-workers 207 rationalised their results in terms of two separate steps; glucose isomerisation to fructose, followed by fructose dehydration. The latter step can be readily promoted by many metal salts dissolved in ionic liquids (and 35 even by chloride-based ionic liquids containing no additives), whereas for glucose↓fructose isomerisation, only CrCl 2 was effective from the initial screen. They proposed that [CrCl 3 ] -, formed by dissolution of CrCl 2 in [C 2 mim]Cl, coordinated to the glucose hydroxyl groups facilitatating mutarotation and effecting 40 a formal hydride transfer to allow isomerisation of glucose to fructose. The free-energy barriers to the mechanism with four different metal chlorides (WCl 3 , MoCl 3 , CrCl 3 and FeCl 3 ) have been explored using DFT by Guan et al. 218 who suggested that WCl 3 may be a more promising catalyst for low temperature 45 transformations.
However the mechanism for the initial aldose to ketose 220 who proposed the catalytic cycle shown in Figure 33 . (Figure 34 ). The nature of the cooperative effects or metal-speciation in the ionic liquids is not fully understood. Mixed halide systems also have been reported to be more effective than solely chloride-containing ionic liquids. For 35 example, using chromium and tin chlorides in bromide ionic liquids, 225 or mixtures of CrX 3 (X = F, Cl, Br) in chloride ionic liquids. 226 Buxing Han and co-workers 227 found that SnCl 4 in a range of ionic liquids could also catalyse conversion of glucose to HMF. aromatic/alkane mixtures and report good extraction (selectivity) and high solvent capacities. Enhanced selectivity (higher aromatic solubility and lower aliphatic solubility) was observed with imidazolium-based ionic liquids compared to the corresponding protic ammonium systems, and with increasing 60 acidity (from χ AlCl3 = 0.55 to 0.66). Although the imidazolium system showed better performance, the protic ammonium systems were favoured due to lower cost and the ability to recycle the ionic liquids by vacuum distillation. However, the feasibility of using chloroaluminate(III) systems are the lack of hydrolytic stability and the possibility of undesired acid-catalysed reactions, such as cracking, oligomerisation or alkylation. On the other hand, such reactions may be beneficial. For example, Shi and co-workers 229, 230 reported that the olefin content of fuels can be reduced by contacting with acidic 5 chloroaluminate(III) ionic liquids. It is likely that, in addition to physical extraction, alkylation reactions could account for the net reduction in the number of olefinic compounds in the feeds.
Desulfurisation of fuels
Physical and chemical (oxidative) extraction of N-and 10 S-compounds from liquid fuels has been extensively studied. Jess et al. 231 were the first to use ionic liquids for the deep desulfurisation of fuels, i.e. removing polyaromatic sulfur (PAS) compounds, which are not removed in standard HDS processes and found that chloroaluminate(III) systems gave the best 15 performance in terms of both separation and selectivity. 232 Meindersma and co-workers 233 found similar results, , but concluded that chloroaluminate(III) systems were not suitable for industrial practice due to their sensitivity to moisture and competing acid-catalysed reactions as discussed above. 20 The use of chlorometallate ionic liquids for oxidative desulfurisation (ODS), where PAS compounds are oxidised with hydrogen peroxide to sulfones and sulfoxides (Figure 35 ), was considered as more feasible. In ODS, the ionic liquid acts a reservoir for the oxidant (hydrogen peroxide), as an acid catalyst 25 to promote the formation of the reactive peroxyacids needed for oxidation, as the initial extracting phase for PAS compounds (exemplified by dibenzothiophene), and finally as an extracting phase for the resultant oxidised products. ODS studies using numerous water-tolerant metallate ionic liquids, such as chloroferrates(III), χ FeCl3 = 0.50, 234 have been 
Metal ion extraction
In order to extract metal ions from aqueous solutions using ionic 65 liquids, two requirements must be met: (i) hydrophobicity -that is, formation of a biphase with water, and (ii) ability to extract metal ions. These two appear initially to be at odds with each other, since the perfluorinated anions such as coordinating. Indeed, Rogers and co-workers, 236 and later Prausnitz and co-workers, 237 reported that most metal ions did not partition from aqueous (acidic) solutions to hydrophobic ionic liquids containing perfluorinated anions in the absence of specific complexants. 75 However, for an ionic liquid where hydrophobicity is conferred through the cationic moiety, rather than by using perfluorinated anions, then anions capable of coordinating metals -such as chloride -can be introduced. Extraction can then be driven by the transformation of typically hydrated M Cytec) are routinely used in hydrometallurgy. 238 Traditionally they have been used as the active agents in supported separations membranes, or in conjunction with organic solvents to lower their viscosity. However, more recently these materials have been explored as ionic liquids, that is, as bulk liquid extractants rather 15 than as additives.
The key features of these extraction systems are that: (i) soft metal ions, which readily expand their coordination spheres, are most effectively extracted and (ii) extraction is enhanced from solutions containing high concentrations of coordinating anions 20 (strong electrolyte or acid). For example, Regel-Rosocka and co-workers 239 , 240 compared the efficiency of removal of Zn(II) from hydrochloric acid using [P 6 6 6 14 ]Cl (Cyphos 101) and [P 6 6 6 14 -in Cyphos 109 in order to facilitate the extraction of Zn(II) through the formation of chlorozincate(II) anions. Heterogenised Cyphos 101, impregnated into amberlite XAD-7 resins, 241 and PVC membranes 242 has also been used for Zn(II) extraction. Moreover, alginate beads 30 incorporating Cyphos 101 were studied for the extraction of Zn(II), Hg(II), 243 Au(III) 244 and Cd(II) from acidic media. 2-anion. At higher acidity, all the metals form chlorometallate anions, reducing extraction selectivity. Similar results have been reported using mixed trioctylammonium-based 50 ionic liquids to recover platinum and palladium. 247, 248 Kebiche-Senhadji and co-workers 249 achieved selective extraction of Cr(VI) over other metal ions using Aliquat-336 bound in polymer inclusion membranes, while Goyal et al. 250 similarly reported chromium ion extraction using liquid emulsion 55 membranes containing tetraoctylammonium chloride, with [C 4 mim][NTf 2 ] as a stabiliser.
The enhanced extraction of soft metals enabled selective Co(II)/Ni(II) 251 and Fe(III)/Ni(II) 252 separations using immobilised Cyphos-101. In both cases, the softer metal ions 60 (cobalt or iron) was extracted in preference to nickel. Following the same principle, selective separation of transition metals (Cu, Co, Mn, Fe) from rare earths was achieved, with the transition metal ions selectively extracted to Cyphos 101. 253 Wellens et al., 74 reported the Co(II)/Ni(II) separation using the neat Cyphos 65 101 ionic liquid as the extracting phase, and most recently developed this concept to a lab-scale continuous process, potentially superior to the current industrial system, one both in terms of cost and sustainability. 254 Finally, the same group accomplished the Co(II)/Ni(II) separation using a biphasic system 75 Among many reviews on inorganic chemistry in ionic liquids, Freudenmann et al. 256 have examined syntheses involving chlorometallate, mainly chloroaluminate(III), ionic liquid systems, with an emphasis on their ability to solubilise elemental metals and chalcogens. The main materials types that have been 80 prepared from chlorometallate ionic liquids, along with typical synthetic routes, are listed in Table 3 . Figure 40 ). --yellow tetrahedra; thermal ellipsoids are at 70% probability level, reproduced from Ref. 265 Figure 41 ) via ionothermal syntheses (165 °C, 10 days). 266 The product exhibited non-linear optic 5 (NLO) properties, and the authors emphasised that this was the first example of a cationic chalcogenide cluster prepared from an ionic liquid rather than the more typical anionic structures previously synthesized from molten salts. (χ CuCl2 = 0.33) systems by ionothermal reduction of Cu(II) to Cu(I) using 6-O-palmitoyl ascorbic acid as reductant and liquid crystalline co-templating agent. The use of ionic liquid as a 35 solvent, precursor and a templating agent is an example of the 'all-in-one' approach, and this system has been thoroughly analysed in the subsequent publications of Taubert and co-workers. 272 However, among many factors influencing the formation and morphology of the nanoplatelets, the composition 40 of chlorocuprate(II) anions present in the ionic liquid has not been explored, and has always been maintained at χ CuCl2 = 0.33. Two-step, one-pot syntheses of indium(0) nanoparticles 41 have been achieved from haloindate(III) ionic liquid systems, χ InCl3 = 0.50, with three different cations. In the first step, the 45 In(III)-containing anion was electrochemically reduced to an In(I)-anion which, after diffusion from the electrode, underwent disproportion to In(III) and In(0) in the bulk ionic liquid electrolyte. The morphology of the In(0) nanoparticles formed depended strongly on the nature of the cation used (as shown in Serpell et al. 110 (Figure 43 ). It was demonstrated that Pd(0), but not Au(0), 60 nanoparticles were stabilised by the imidazolium cations of the ionic liquids. However, when a strong base was added prior to metal reduction, the generation of N-heterocyclic carbenes lead to stabilisation of both Pd(0) and Au(0) nanoparticles. 275 An interesting system has been prepared by appending 35 TEMPO functionality to an imidazolium cation, which in combination with [FeCl 4 ] -yielded an ionic liquid with dual sources of paramagnetism: from the anion and from the stable radical functional group (Figure 44) . 279 Molar magnetic susceptibility of this ionic liquid was slightly higher than that of 40 chloroferrates(III) with non-magnetic cations, and the effective magnetic moment was found to bear contributions from both the anion and the cation. ca. 50%. 125 Xie et al. 280 were able to incorporate [C 4 mim][FeCl 4 ] into flexible, transparent ionogels prepared from PMMA ( Figure  45 ). The materials were reported to be both conducting and paramagnetic. Several unusual phenomena have been studied in 5 chloroferrate(III) systems. When an inert gas was bubbled through a chloroferrate(III) ionic liquid, the bubbles were observed to be 'repulsed' by the neodymium magnet. 281 Arguably, this might be explained in terms of paramagnetic liquid being attracted to magnet, while the diamagnetic gas was not. , differs depending upon whether a magnetic field is applied. 285 However, radical polymerisation reactions can be affected directly by the presence of magnetic fields 286 so it is not possible to assess whether it is the combination of magnetic field and ionic liquid, 30 or solely the magnetic field, that induced the differences in polymer morphology.
Syntheses of inorganic materials
Soft and composite materials
Warner and co-workers 277 have reported the synthesis of magnetic ionic liquids incorporating amino acid derived cations and chloroferrate(III) anions. These ionic liquids were miscible 35 with water, contrasting with the typical behaviour of dialkylimidazolium chloroferrate(III) systems that are hydrophobic, or display thermomorphic behaviour. 287 However, Warner and co-workers suggest that the combination of chirality and the strong response to magnetic fields could provide a 40 method to manipulate their phase separation behaviour and that this might lead to applications in the field of chiral extraction and enrichment of chiral compounds. 277 Ionic liquids prepared by combining [P 6 6 6 14 2-. In the majority of publications, phase behaviour has been studied as a function of temperature, metal and chain length of the cation alkyl chain, but the composition of ionic liquid was constant (χ MCl2 = 0.33). 290 ILC behaviour is typically observed 65 with carbon-chains of 12-18 atoms appended to 1-alkyl-3-methylimidazolium or 1-alkylpyridinium cations and the predominant LC phase found is a lamellar smectic A. This approach seems a bit restricting since, as Martin et al. demonstrated, ILC behaviour depends strongly on the 70 composition of the chlorometallate system. 78 The authors studied [N 1 1 1 n ]Cl-MCl 2 salts (n = 12 or 16, M = Zn, Cu or Cd) as a function of χ MCl2 , and identified a variety of ILC phases in each system, their presence depending on metal, temperature and χ MCl2 . Example of such complex phase behaviour for the 75 [N 1 1 1 16 ]Cl-ZnCl 2 system was shown in Figure 16 .
Aside of interesting phase behaviour and visually appealing images, only a few uses chlorometallate ILCs based on transition metals have been reported. Taubert and co-workers used ILC-forming chlorocuprate(II) system (χ CuCl2 = 0.33) for the 80 syntheses of copper(I) chloride nanoplatelets. 291 Templating of inorganic materials with liquid crystals is a known synthetic strategy; hence future development in this direction appears to be open. Another field of application, yet to be properly explored, is catalysis. For example, Wasserscheid and co-workers 292 85 demonstrated recently that ILCs containing dissolved metal complexes and supported sillica (SILPs) have different activity from 'anisotropic' ionic liquids containing analogous complexes. It is probable, that chlorometallate SILPs 293 could display similar behaviour, but this area is yet to be explored. 
Halolanthanide ionic liquids
Lanthanide-containing chlorometallate systems typically combine several interesting material properties, such as magnetism and luminescence, and may display liquid crystalline behaviour. Luminescent and/or paramagnetic ionic liquids were recently 95 shortly reviewed by Yoshida and Saito.Error! Bookmark not defined.
Research on lanthanide-containing ionic liquids is relatively new; it developed from the field of ionic liquids rather than from traditional molten salts pathway. Rather than being studied in 100 electrochemistry or Lewis acid catalysis, chlorolanthanide systems were studied predominantly as materials. Furthermore, non-halide ligands, such as thiocyanate 294 or bistriflamide ligands were typically used.
The first lanthanide-containing halometallate ionic liquid, 105 [P 6 6 6 14 ][GdCl 6 ], was studied from the materials perspective, in comparison to transition metals-based systems, with the focus on hydrophobic and paramagnetic properties. 294 The incentive to include a lanthanide in this study was that a higher spin moment of certain f-block elements can produce ionic liquids with 110 stronger magnetism. 295 The research was further pursued by Getsis et al. [296] [297] [298] [299] and produced a series of papers on bromolanthanide(III) ionic liquid crystals, using long-chain [C 12 [LnBr 6 ] (χ LnCl3 = 0.25). In all cases, they displayed mesomorphic behaviour, forming smectic liquid crystalline phases (see Figure 46 ). Magnetic behaviour was studied only for [C 12 mim] 3 [DyBr 6 ], system, 296 which showed superparamgnetic properties at room temperature (300 K) and exhibited signs of soft-magnetic ferromagnetic behaviour, albeit with dominant paramagnetic 25 component, at 5 K. The compound could be manipulated by an external magnetic field due to large anisotropic magnetic moment of Dy(III).
Gas storage media
Air Products have developed ionic liquid-based approaches to 30 transport reactive gases 300 such as trifluoroborane, phosphine, and arsine. Combining computational studies (see Figure 48 ) and absorption experiments, Tempel et al. 301 demonstrated that [C 4 mim][Cu 2 Cl 3 ] could be used to capture, store and reversibly release reactive and toxic gas, PH 3 , under controlled conditions. 35 Each binuclear anion is able to bind two moles of PH 3 by formation of covalent Cu-P bonds. This provides very high storage capacity (2 moles gas per mole of ionic liquid) and stores the gas at ambient atmospheric pressure which neatly eliminates the implicit risk associated with high pressure storage of such 40 reactive gasses. The ionic liquid, as used, can be considered as a truly 'designer' material. Speciation of the chlorocuprate(I) anion was controlled through selection of the metal oxidation state and χ CuCl 50 in order to match Lewis acidity to the basicity of PH 3 and enable selective and reversible binding.
Pharmaceutical ionic liquids (PILs)
Lovejoy et al. 302 reported a route to prepare amorphous pharmaceutically active materials by converting their chloride 55 salts to chlorometallate ionic liquids based on metal chlorides generally recognised as safe (GRAS), predominantly on zinc(II) chloride. These salts were found to retain antibiofilm activity, and significantly improved shelf life was predicted (Figure 49 ). This system exemplifies the use of complex anionic speciation to 60 control material properties; chlorozincate(II) anions were purposefully chosen due to their ability to suppress crystallisation, forming glassy rather than crystalline active pharmaceutical intermediates.. 65 Modern ionic liquids emerged as a direct consequence of the evolutionary development of low temperature chloroaluminate(III) 'molten salt' electrolytes 11 which, when combined with the ubiquity of aluminium chloride as a Lewis acid catalyst, 303 provided the springboard for investigation of 70 both catalysis and electrochemistry. The properties of the chloroaluminate(III) ionic liquids (low viscosity, wide liquid ranges etc) are very favourable, however they are not the only chlorometallate ionic liquids and, importantly, the properties of other systems cannot be implied by comparison or analogy. The periodic table contains over fifty metals that can readily form chlorometallate anions. However whether an ionic liquid can be prepared depends on the choice of metal, oxidation state, and on the composition, χ MCln . In turn, these variables define the anion speciation and the resultant properties of the ionic liquid (if 15 produced). The fact that robust, reliable speciation data, reported in Table 2 , can only be found for less than half of these metals demonstrates one of the limits of current knowledge.
Concluding remarks
This review summarises the key ways in which the speciation of chlorometallate ionic liquids and their resulting properties can 20 be investigated. Most of these methods are complementary, and the use of multi-technique approaches can be used effectively to obtain robust and unambiguous data. Of particular merit are the use of Raman [37] [38] [39] [40] [41] and X-ray (XPS 57 and XAFS 61 ) spectroscopy to study neat liquids. These data, supported by high level ab initio 25 calculations, are revealing unprecedented levels of detail and allowing mistakes or ambiguities from the past to be corrected.
Speciation studies are not a simple data-logging exercise; in fact, the knowledge of speciation, and thus properties, is necessary to guide the informed selection of appropriate ionic 30 liquids for investigation or screening in any given application. For example, when considering acidic systems, limiting solubility and so acidity of FeCl 3 in chloroferrate(III) ionic liquids, 157, 158 relative acidities of ionic liquids containing Al(III), Ga(III) and In(III), and the recognition that χ ZnCl2 = 0.5 compositions of 35 chlorozincate(II) ionic liquids are acidic, 156, 167 can all help to clarify experimental observations. It can not be over-emphasised that this detailed level of understanding for all ionic liquids is extremely important and this represents an on-going challenge.
It is hoped that the survey of some of the new and emerging 40 areas of chlorometallate ionic liquids research presented here will be of use to many researchers in the fields of catalysis, separations, and materials chemistry (both soft and hard matter). It seems obvious that chlorometallate species will continue to have a major influence on ionic liquid science, where the ability 45 to selectively introduce new combinations of characteristics -for example; magnetism, hydrophobicity, luminescence, variable (and controllable) catalytic activity etc, will define the properties of new and emerging materials. Unexpected applications will continue to emerge, as exemplified with Zn(II)-based 50 pharmaceutical ionic liquids, where the desired property of the material (glass formation rather than crystallisation) 302 is a direct consequence of complex anion speciation in the ionic liquid.
In addition, we hope that it will encourage groups to further explore, and design new metallate-based ionic liquid systems and 55 fully characterise their properties using the techniques described here, so that their relationships to the existing body of chlorometallate data can be quantitatively assessed.
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